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Abstract

We present a theoretical and computational study of
the application of Ti:Sapphire laser technology to Inverse
Free Electron Laser (IFEL) accelerators. Specifically, the
regime in which the number of undulator periods is com-
parable to the number of cycles in the laser pulse is investi-
gated and modifications to the IFEL accelerator equations
and laser requirements are given. Simulations are used
to study the IFEL interaction in this regime. In addition,
the effects of non-Gaussian laser pulses are analyzed. Fi-
nally, the tools developed for this study are applied to the
LLNL/UCLA IFEL experiment, and potential future IFEL
designs.

INTRODUCTION

The IFEL acceleration mechanism was first proposed
and analyzed in the 1980s [1, 2]. It is a promising candi-
date to demonstrate high gradient, high quality acceleration
within the 50 MeV to few GeV energy range and is an at-
tractive acceleration mechanism for compact light sources
requiring moderate electron beam energies. In first gen-
eration experiments, researchers demonstrated the IFEL
mechanism as an effective pre-buncher [3], high beam trap-
ping — 85% [4], and high gradient — 70 MeV/m [5], but
never simultaneously, and no post IFEL acceleration beam
quality measurements have been performed.

The IFEL scheme considered here combines 800 nm,
Ti:Sapphire laser technology with strongly tapered perma-
nent magnet undulators. This enables a compact accel-
erator with increased beam energy and energy gain using
the same undulator as the previous CO, laser-based exper-
iment [5]. Concurrently, the repetition rate is increased by
several orders of magnitude, allowing multi-shot emittance
measurements to determine the quality of the accelerated
beam.

The multi-TW peak laser power required for high accel-
erating gradient is accomplished by compression to sub-
picosecond pulse duration. In contrast to COy laser ex-
periments, these pulses can be short relative to the elec-
tron bunch duration and comparable to the amount of slip-
page in the undulator. We examine the consequences of
using a short pulse laser to drive the IFEL in theoretical
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calculations and simulations. It is typical in Joule-class
Ti:Sapphire lasers to produce a spatial profile that is some-
what more uniform than a Gaussian distribution due to gain
saturation in the final amplifier. We simulate the potential
degradation of IFEL performance due to this effect by us-
ing the “Flattened Gaussian” [6] formalism to propagate
the laser through the IFEL interaction.

The simulation tools described below have been used to
guide the choice of laser parameters [7], and model the ex-
pected performance of the LLNL/UCLA IFEL experiment
[8]. Here we compare the effects of Gaussian and Flattened
Gaussian laser profiles in this experiment and present a po-
tential upgraded IFEL accelerator using a pre-buncher and
optimized undulator design.

SHORT LASER PULSE EFFECTS

The original IFEL analysis performed in Ref. [2] derives
equations for the evolution of particle energy, v = E/mc?,
and phase, v, for an electron acted upon by a sinusoidal un-
dulator magnetic field on the beam axis, and a plane elec-
tromagnetic wave. We consider instead a laser beam that
is strongly focused (Rayleigh range much less than undu-
lator length), and short duration (number of laser cycles
and undulator periods is comparable). In the case of the
LLNL/UCLA experiment there are 19 undulator periods
and approximately 40 laser cycles in the pulse duration.

To rewrite the accelerator equations in this case, we as-
sume a Gaussian spatial and temporal profile, giving the
on-axis electric field,
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where Ej is the peak electric field, k the laser wave number,
w = ck, 27 the e~? intensity pulse duration, wg/w (z) the
ratio of the minimum beam size to that at position z, and
¢¢ is the Gouy phase. Using a planar undulator magnetic
field and following the same analysis as Ref. [2], we find
the accelerator equations,
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Figure 1: Longitudinal phase space exiting the undulator
for (a) 3 TW long laser pulse and (b) 3 TW peak, 100 fs
FWHM pulse. In each case the solid line depicts the lon-
gitudinal dependence of the laser field amplitude at the un-
dulator exit.
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Here, v = (k + ky)z — wt — ¢ is the relative phase,

3

K, = Wifko the normalized undulator strength and,
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is the normalized laser field strength. JJ is the usual
Bessel function term arising in planar geometries, and z,, =
kw3 /2 is the laser Rayleigh range.

Besides the modification to the phase evolution due to
the Gouy phase shift [9], Eqns. 2 and 3 have a dependence
of K, on the global values of z and ¢. The laser vector
potential used to derive these equations uses the Slowly
Varying Envelope Approximation (SVEA), in this case that
wTt > 1land kz, > 1.

A simulation code has been developed to model the short
pulse IFEL dynamics. In the simulation results that follow,
particles are pushed using the Lorentz force law through
the IFEL interaction using measured (or derived in the
case of the proposed upgrade experiment) undulator field
data, B,,, and Gaussian or Flattened Gaussian laser pulses,
which provide self-consistent phase and intensity evolution
of the laser pulse.

In the simplest case, we examine the effect of a short
laser pulse on the LLNL/UCLA experiment by comparing
simulations of a 100 fs FWHM, 3 TW peak power laser,
with a 3 TW laser with pulse length much longer that the in-
teraction length in the 50 cm UCLA/Kurchatov undulator.
For this comparison the injected electron beam is mono-
energetic with particles equally spaced in phase. The simu-
lated longitudinal phase space of the exiting beam is shown
for both lasers in Fig. 1. In the long pulse case, each elec-
tron beam slice acts identically, as one expects, and we see
a well defined captured bunch just below gy = 400. In
the short pulse case, the window of accelerated particles
has approximately the same duration as the laser pulse, and

there are very few particles captured that exit the acceler-
ator at full energy. While 3 TW is sufficient laser power
when applied through the entire interaction, it is insuffi-
cient when using 100 fs, FWHM pulses, since all beam
slices are below the capture threshold for some part of the
interaction. The result is that the peak laser power must be
increased for short pulse IFEL to produce sufficient capture
in the duration of the laser pulse. In the case of the present
experiment, simulations indicated that at least 4-500 mJ of
laser energy will be required [7].

FLATTENED GAUSSIANS

Use of a non-Gaussian laser spatial profile can degrade
the IFEL performance due to reduced on-axis laser inten-
sity given the same focusing parameters. This effect is ex-
pected in the LLNL/UCLA experiment based on the ob-
served profile of the amplifier output beam. It is convenient
to use the Flattened Gaussian Beam (FGB) formalism [6],
where the laser field can be written as
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where N is the integer order of the FGB greater than or
equal to zero, Ay is a normalization factor, and wy is a pos-
itive parameter. The field profile can be propagated ana-
lytically through paraxial symmetric optical systems as de-
scribed in Ref. [6].

Figure 2 shows the spatial profile of 0" (Gaussian), 4",
and 8" order FGBs at a focusing optic, the undulator en-
trance, and the center of the undulator for the LLNL/UCLA
experiment. For each order, the intensity was normalized
to give a total pulse energy of 550 mJ, and the same ini-
tial value of wy was used (consistent with the required 3.5
cm Rayleigh range at the undulator center). Start-to-end
simulations of the LLNL/UCLA experiment are described
in Ref. [8], and comparison runs were performed using the
FGB laser profiles of Fig. 2. The resulting output momen-
tum spectra using each FGB order are shown in Fig. 3. For
550 mJ, 100 fsec laser pulses, the figure shows that there
is moderate decrease in the amount of beam captured and
increase in the energy spread for the higher order FGBs.
If these laser parameters are achieved in the experiment,
the effect is expected to be manageable, as measured laser
profiles from the amplifier are best fit using an FGB order
between 2 and 4.

n=0

OPTIMIZED PLANAR UNDULATOR
DESIGN

A number of upgrade options exist for future Ti:Sapphire
IFEL projects at LLNL. These include the use of helical
undulators and increased laser energy to produce GeV/m
gradients and GeV output energies [10]. For Compton-
scattering ~y-ray source applications compact, several hun-
dred MeV accelerators with low energy spread are desir-
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Figure 2: Flattened Gaussian intensity profiles simulated at (a) the IFEL final focus optic, (b) the undulator entrance, and
(c) the undulator center. Each profile is normalized to have the same amount of energy.
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Figure 3: Simulated IFEL output momentum spectrum in the LLNL/UCLA experiment for (a) Gaussian, (b) 4% order,
and (c) 8" order Flattened Gaussian laser profiles using 550 mJ and 100 fsec.

able. In this case, we are developing an IFEL design that
uses the existing 500 mJ, 100 fsec laser in conjunction with
a new planar undulator and pre-buncher.

In this design, the accelerator equations given above
are used in the undulator optimization process described
in Ref. [10] to determine the undulator field strength and
period variation that optimally utilizes the available laser
power. The theoretical undulator profile generated is shown
in Fig. 4 and was imported into the IFEL simulation code
to produce the output momentum spectrum shown. Here
a 300 MeV electon beam is generated using a 50 MeV in-
jector with 50% of the input beam captured, and an rms
energy spread of 0.5%.
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Figure 4: (a) Optimized planar undulator field design and
(b) resulting IFEL momentum spectrum using the existing
LLNL laser parameters.
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